Background: A strong association has been shown between high viral DNA load (VL) of
INTRODUCTION
Numerous studies have demonstrated an association between high copy numbers of human papillomavirus 16 DNA (HPV16 viral load), persistent infection (1) (2) (3) (4) and malignant transformation of the cervical epithelium (2, (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . However, some studies have found a weak association (15) or even lower HPV16 viral load in high-grade compared to low-grade cervical intraepithelial neoplasia (CIN), possibly because integration of the viral genome disrupts viral production (16) . Others have predicted limitations of using viral load for screening purposes due to large within-disease variation in copy numbers and substantial overlap between women with and without disease (17) (18) (19) (20) . Co-infection with other HPV-types and surrounding low-grade lesions may also affect the viral load measurement (21, 22) . Hence the value of viral load technology for large scale screening is uncertain.
Viral load might however increase screening specificity in triaging HPV16-positive women (23) and could serve as a marker/predictor of cervical carcinogenesis (24) . Currently, the field is hampered by the limited prospective data on viral load and risk for invasive disease which has only rarely been included as an outcome in prospective studies (7) . Cross-sectional studies have included such invasive disease in large numbers (10, 13) but do not allow risk predictions because the exposure and outcome are not separated in time. Our aim was to prospectively study the significance of HPV16 viral load in in situ and invasive cancer, which should increase our knowledge regarding the natural history of HPV infections, and the potential use of HPV16 viral load in screening. 
METHODS

Participants
Since the mid-1970's, all Swedish women have been invited for cytological screening with Papanicolaou (Pap) smears every 3-5 years (25) . Records containing all information from the screening are computerized in the National Cervical Screening Register (NCSR) and virtually all smears have been stored (26) . The highly reliable National Cancer Register (NCR) records all new diagnoses of both cancer in situ and invasive cancer since 1958 (27) . These databases can be linked through the individually unique Swedish personal ID-numbers.
Our source population comprised all women (1, 459, 258 ) who participated in cervical screening within one of 10 county laboratories in six Swedish counties sometime during . We used the NCSR to identify a cohort of 1,431,724 women whose first registered smear (defining cohort entry) was classified as cytologically normal (Pap=1). This cohort was then linked to the NCR to identify all women with a first histologically confirmed diagnosis of cancer in situ (CIS), or invasive squamous cell carcinoma (SCC) after cohort entry. A diagnosis of CIS in the NCR translates internationally to a diagnosis of CIN grade 3 (CIN3). Since the incidence of CIS is higher than the incidence of SCC (28, 29), we included only a random sample of CIS to achieve case-groups of more similar size.
To be eligible as a control, a woman could not have had a histologically confirmed diagnosis of CIS/SCC at the time of diagnosis of the case. Among all eligible control women, one control woman -matched on county laboratory, date of cohort entry (+/-3 months), and age at first normal smear (+/-1 year) -was randomly selected for each CIS and SCC case. All available smears from the case patient and the control woman taken prior to the date of diagnosis of the case were retrieved from biobank archives. To verify the original histological diagnosis, all available histological specimens from the case women were re-reviewed by a senior pathologist. This was done in order to perform sensitivity analyses using different classifications of disease. Due to the multiplicity of pathology laboratories involved (in total 38 such), the overall proportion of missing histologies in this study was 18% for SCC and 21% for CIS. Given our nation-wide approach and study time spanning several decades, we hold this to be acceptable given that our previous study (6) had a missing rate of 11%, in just one county laboratory. Some laboratories were contracted to re-section new cases from old paraffin-embedded tissue since the original slides had been disposed of. In several of these instances, due to sparsity of material to resection, our pathologist was not able to review all original tissue blocks representatively. It is therefore not certain whether all the cases that were re-classified as lower-grade than originally truly are of lower grade, or that our pathologist was not able to review them to the same precision as the original diagnostician. In combination with the fact that all cases in the study were originally histo-pathologically verified; the issue of reduced power due to missing histological re-review and partially unclear validity of the reclassification means that we hold presentation of both the full and the re-classified data to be the most informative.
Smear Analyses
Each smear was re-coded and re-labelled to ensure blinding of case-control status; samples belonging to the same matched case-control pair were included in the same analysis batch at the same calendar time. DNA extraction was performed by validated methods (30) . All smears were analyzed for the presence of seven low-risk HPV types (HPV 6, 7, 11, 42, 43,  The polymerase chain reaction (PCR) amplification of a consensus region using GP5+/6+ primers (31) was followed by HPV type detection through a PCR-EIA (enzyme immunosorbent assay) and reverse dot blot hybridization procedure (RDBH) (32) or detection of biotinylated HPV amplicons by a multiplex fluorescent bead-based assay (33) . Presence of amplifiable DNA in samples was determined by PCR-EIA or real-time PCR for the housekeeping β-globin gene. All analyses were performed for the current study; no smears/HPV-data were reused from our previous publication on another sample of CIS (6) . Previous research has also indicated that absolute level of viral load is associated with risk for CIN on its own without adjustment for sample cellularity (35) , irrespective of the use of a housekeeping gene as a denominator (36) and that risk estimates for CIN2/CIN3 were hardly affected by adjusting for such a gene (37). 
Statistical methods
In descriptive case-case comparison analyses, we evaluated multiple time scales for their relevance for the dynamics of viral load. Because controls had few HPV16-positive smears, we modeled viral loads among case women only. We fitted linear models for the logarithmized (base 10) viral loads with time before diagnosis as primary time scale; and then systematically added individual and combined age, period and cohort (APC) effects to the basic model. These effects were evaluated both for their statistical significance and size.
These preliminary models indicated weak or no effect of birth cohort and age at smear on viral load in either case group (Suppl. Table 1 ). However, we did find a significant effect of calendar period of smear for CIS, where viral loads decreased systematically over time: the highest levels were found during the 1980s, with levels at the end of the 1990s almost an order of magnitude lower. Sensitivity analysis indicated that this period effect affected risk estimates (described below) for CIS, but not for SCC; consequently, only viral loads for CIS were adjusted for period of smear (Supplementary Figures 1 and 2, and Supplementary Tables   2 and 3 ).
Independently of these adjustments, we also found that viral loads for cases and controls 
Risk estimation and viral load imputation
We used conditional logistic regression to study the association between HPV16 viral load and risk of CIS and SCC at 1-10 years prior to diagnosis, using HPV16-negative women as reference. A practical consideration when modeling the risk associated with viral load crosssectionally over time was the irregular pattern in which smears were available due to our study being nested in a screening program with variable participant compliance. This meant that few matched case-control pairs originally had measurements in the same intervals. As a consequence, only few matched pairs would contribute to the estimation of each crosssectional odds ratio, leading to wide confidence intervals and problems with separation. To address this issue, we implemented a within-person imputation scheme for each individual, as done previously by our group (6). For each subject and each year, we imputed HPV16 measurements from all observations within a fixed window (±5 years), where observations closer in time received larger weights (see Supplementary Data).
For the final results, we performed 100 imputation runs for all individuals, resulting in 100 imputed data sets. The final estimate of the odds ratio at each time point t was calculated as the average of the estimates from the imputed data sets. The corresponding variance was calculated as the sum of the average of the within-imputation variance and the betweenimputation variance, according to Rubin's formula (38) . Alternative values of four and six years for the time window w had little effect on the results (data not shown). The odds ratios were interpreted as relative risks since cervical cancer is a rare disease outcome, and the controls were sampled from the underlying population at risk. We used a marginal mean approach to modeling longitudinal effects in the viral loads of case women and the risk of cervical cancer associated with HPV16 viral load. Individual trajectories of viral load in women with multiple smears can vary substantially (data not shown), which is why we opted for the per-subject imputation scheme outlined above for estimating risk. Our results are consequently valid and interpretable on an average population level.
We further performed sensitivity analyses using histologically re-confirmed cases only, and analyses restricted to the pre-1995 period since that period was covered by our former study (6) . Calculations were done using R version 2.14.0 (39).
The study was approved by the Karolinska Institutet Ethics Review Board, Stockholm, Sweden, which also determined that informed consent from the participants was not required. 
RESULTS
Participants
Median age at diagnosis was 33 years in CIS, and 41 years in SCC, with a median follow-up time from the first smear of 6.1 years for CIS, and 7.7 years for SCC (Table 1) . Except for the last year before diagnosis, the number of smears was similar between cases and controls. The percentage of smears positive for any HPV type was higher among CIS cases than SCC cases, but the percentage of HPV16-positive smears was the same at 33-34%. Among controls, the percentage of smears positive for any HPV type was 12-15% and for HPV16 3-4% (Table 1) .
Eighty-one percent of the SCC cases were, upon histological re-review, again classified as SCC, 13% reclassified as CIS and 6% reclassified as other (e.g. anaplastic cancer and adenocarcinoma). Of the CIS cases 62% were again classified as CIN3, 27% reclassified as CIN2, 8% reclassified as CIN1, and 3% reclassified as SCC.
Case-case comparison
Average HPV16 viral load levels increased continuously in HPV16-positive smears from CIS cases from ten years before diagnosis (Figure 1) , with the strongest surge during the last year before diagnosis. In contrast, among SCC cases, viral load levels remained more stable from ten to four years before diagnosis, but then gradually increased, especially during the last two years before diagnosis (Figure 1 ). For CIS cases, the level of viral load differed between calendar periods, so that women who were followed for ten years in the earliest period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) had the highest viral load at diagnosis and women who were followed for ten years until they developed CIS in the latest period (1995-2005) had the lowest. A similar, yet not statistically significant, trend was visible among SCC cases (Figure 1 ). 
We further observed that the groups of women later diagnosed with CIS or SCC on average initially had low viral loads of 5-10 copies/microliter, especially in the later calendar periods from ten years to around four years before diagnosis and in SCC (Figure 1) . The late surge resulted in average viral loads of around 100 copies/microliter in both case groups at diagnosis in the latest periods.
We investigated extensively whether these period effects in viral load could be explained by technical aspects in our study. As noted above, an assay drift was detected, but this was related to calendar date of analysis, not calendar period of smear. Also, it could not explain the stronger calendar period effect on viral load in CIS than in SCC. Time trends in histological revision did not explain the calendar period effect either. Furthermore, no time trend in HPV16 positivity over the study period was detected (data not shown).
Case-control analysis
In the imputation model for CIS, the medium and the highest tertiles of viral load aligned similarly in terms of risk throughout ten years before diagnosis ( Tables 4-6 ). In CIS, being HPV16-positive and having the lowest tertile of viral load was associated with a constant 10-fold excess risk compared to HPV16-negative women throughout ten years before diagnosis.
However, a medium/high viral load was associated with an excess risk of CIS from around seven years before diagnosis, with a relative risk of around 40 during the last year before diagnosis ( Table 2 ). These risk estimates were robust in sensitivity analyses using data from pre-1995 only (Suppl. Figure 3) and histologically re-confirmed CIS cases only, respectively, although with lower precision due to a reduction in power (Suppl. Table 7) . (Table 3) . In sensitivity analyses, risk estimates for the pre-1995 period were similar to the original results (Suppl. Figure 4) . When using histologically re-confirmed SCC cases only, the risk separation between the low/medium and highest viral load tertile at four years before diagnosis was also robust although somewhat less dramatic, ultimately yielding a 25-fold increased risk associated with low/medium viral load and a 40-fold increased risk associated with high viral load (Suppl. Table 8 ).
In SCC, HPV16-positivity and high-risk HPV-positivity aligned with the risk conferred by the low/medium viral load category (Table 3 and Suppl. Table 6 ). 
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DISCUSSION
In this comprehensive study, we describe HPV16 viral load in squamous cervical carcinogenesis. We previously demonstrated the significance of consistent high viral load of HPV16 in cervical cancer in situ (CIS) (6) . Using a similarly stringent study design and an entirely new data collection, we present a new large sample of CIS and in addition a large sample of women with invasive cancer (SCC), allowing unique comparative analyses.
We show that women with CIS had a qualitatively different increase in viral load over time compared to women with SCC. The lack of overlap between the two curves was an unexpected finding and illustrates the potential complexity of viral load kinetics. This difference could well be a manifestation of viral integration because such integration may lower virion production but still promote progression to invasive neoplasia (16) . The plateau phase among the SCC cases may also relate to the fact that we included only SCC with a first cytologically normal smear at entry into the cohort, a strategy chosen to enable a more homogenous case group and study of the progression from a normal smear to diagnosis of cancer. These may represent a group of lesions, which for a number of years could lie relatively indolent and escape detection. Following a surge in viral load the last two years before diagnosis, they may finally have been detected. In contrast, the larger or more productive lesions -either of which can result in higher viral loads -could be more likely to be caught earlier before giving rise to SCC, thus more often presenting as cases of CIS.
In our previous study (6) , a strong association between HPV16 viral load and risk of CIS was seen already many years before diagnosis, although it should be noted that the measure used for viral load was indirect (threshold cycle number). We here confirm this finding for absolute numbers of viral load: medium/high viral load is a risk factor for CIS in at least a seven-year (40) . We also found an increased risk for SCC associated with high viral load, although the threshold for risk separation was different in the two diagnoses. Furthermore, having a lower viral load was also associated with an excess risk for both CIS and SCC compared to being HPV16-negative.
Our finding of low viral loads early in the SCC disease process may have additional implications. While the first priority of cervical screening programs is the detection of precancerous cervical lesions, a secondary goal is early detection and down-staging of invasive disease. Our data indicate that less sensitive HPV-testing than our PCR could have failed to detect low-grade infections that still correlated with invasive disease in the long-term perspective. This is in line with a previous study where HPV-tests taken more than six years before diagnosis were not predictive of invasive cervical cancer (41) . Therefore, although the current recommendation is to use relatively high analytical thresholds in order to locate only HPV infections at clear risk for prevalent disease (36, 42) , our data support the notion that to determine the optimal duration of protection for future disease, a lower threshold may be considered. The invasive cancer cases in our study can be considered interval cancers occurring despite some measure of regular screening. For this group of women with a first registered cytologically normal smear, highly sensitive thresholds may be of importance in the long term. However, this gain in sensitivity should be weighed against a subsequent loss in specificity in the larger population of women -an issue of import in large-scale HPV-based screening. It should also be noted that our viral load measure originated from archival smears and has been subject to technical adjustments as described.
The strengths of this study include the stringent epidemiological design, nation-wide approach, comprehensive HPV-testing and statistical analysis, and availability of histological re-review. Although some cross-sectional studies, and one prospective study, have included 
moderate to large numbers of invasive cancers (7, 10, 13) there is, to our knowledge, no other prospective study which can present viral load results for large samples of CIS and SCC within the same population-based cohort. Indeed, ongoing cohort studies will likely not yield such data since women presenting with precancerous lesions will always receive treatment before developing invasive disease.
Limitations of our study include the great variation in numbers of smears. Also, we sampled only women participating in screening. However, in the study of screening tests, this is unavoidable and does not reflect selection bias. The demonstrated calendar period effects on viral load are enigmatic and may represent a combination of technical and biological issues.
Possibly, cervical screening may have become more effective at detecting CIS of a smaller size -resulting in a lower viral load at diagnosis. As lesion size was not known in this material, we could not directly evaluate that factor. All the same, adjustment for the calendar period effect takes period into account and importantly thus allows for valid interpretations of the results. Although a proportion of our cases were histologically reclassified upon rereview, this is to be expected given the known variation in such diagnoses between pathologists (29) . Also, our risk estimates were robust in sensitivity analyses indicating that this was not of central importance. Our imputation model relies on several assumptions in order to estimate cross-sectional odds ratios per year and the resulting confidence intervals are overlapping due to the uncertainty added. Nevertheless, it yields a qualitative result which is well in line with previous literature for CIN3/CIS. We therefore consider this approach to be reasonable also for SCC risk prediction. E7 gene copies (genes that remain intact during integration) (43) . Because our assay targeted only E7, we did not assess integration which is a limitation given our findings in invasive cancer. However, the exact timing of viral integration during malignant transformation of cervical epithelium is disputed (11) , and in a recent cross-sectional study, HPV16 viral load was significantly associated with cancer irrespective of E2 status (13) . Others have also concluded that viral load alone can be used, although a combination with E2/E6 ratio adds information (44) . Hence, not including integration status in our risk prediction models may not be a major limitation.
In conclusion, we show that high viral load of HPV16 clearly predicts risk for both in situ and invasive squamous cervical cancer. However, the risk functions differed in this study, suggesting that viral load quantification cannot easily strengthen the positive effect of HPVbased screening. We further show that copy numbers can be low in early stages of invasive cancer, which may be worth considering when weighing sensitivity against specificity in HPV-based cervical screening. Legend for Table 2 . Table 2 . Left section: Imputed odds ratios for CIS according to level of HPV16 viral load compared to HPV16-negative women over ten years before diagnosis. Right section: Imputed odds ratios for CIS according to HPV16-positivity and high-risk HPV positivity over ten years before diagnosis. Note the different reference levels for the different analyses.
Legend for Table 3 . 
